A large cluster of virulence genes encoding proteins involved in
INTRODUCTION
Vibrio cholerae, a Gram-negative bacterium, is the etiological agent of the severe diarrhoea1 disease Asiatic cholera. This syndrome results from the ingestion of food or water contaminated with the bacterium, followed by colonization of the small bowel and the subsequent secretion of cholera toxin (CTX) by the vibrios. Intraintestinal survival of I/. cholerae is a poorly understood process requiring the expression of a number of coordinately regulated virulence factors (DiRita, 1992) in order to overcome the host's natural defence mechanisms. Prior to intestinal colonization the vibrios must survive exposure to the gastric acid of the stomach, localize in the small bowel, and penetrate the mucous gel protecting the intestinal microvilli. Following penetration of the protective mucous gel, the vibrios colonize the epithelial cell surface of the microvilli. At some point in the colonization process, the synthesis of CTX, toxin-coregulated pilus (TCP) (Taylor e t al., 1987) and an additional accessory colonization factor (ACF) (Peterson & Mekalanos, 1788) occurs. Production of TCP and ACF enhance the ability Abbreviations: ACF, accessory colonization factor; CTX, cholera toxin; TCP, toxin-coregulated pilus.
The GenBank accession number for the nucleotide sequence reported in this paper is U02372.
of If. cholerae to successfully colonize the intestinal epithelium (Taylor e t al., 1987; Peterson & Mekalanos, 1988) . Recent studies have shown that the tcp and acfgene clusters are physically linked on the I/. cholerae chromosome, suggesting that the TCP and ACF factors may interact in some manner to promote successful colonization of the small bowel (Everiss e t al., 1994a, b) . The action of CTX triggers the characteristic, profuse diarrhoea associated with this disease, promoting dissemination of the organisms back into the environment. Synthesis of CTX, TCP and ACF are controlled at the transcriptional level by a DNA-binding protein, ToxR, in response to environmental stimuli (Miller & Mekalanos, 1988) . Transcriptional activation of these V. cholerae virulence genes can occur either directly by ToxR binding to the heptanucleotide T T T T G A T (Miller & Mekalanos, 1984) , or indirectly via ToxR-regulated control of a second transcriptional activator, ToxT (DiRita e t a DiRita, 1992) . ToxT is a member of the AraC family of transcriptional activators that regulates the expression of a number of genes involved in I/. cholerae virulence (acfA, tcpA, tcpC and t c -I ) as well as several genes whose roles in virulence have not been established (&A and tagA) (DiRita e t al., 1991 ; DiRita, 1992; Higgins e t al., 1992; . The activation of L'. cholerae virulence factors by ToxT, a transcriptional activator dependent on ToxR for expression, represents an environmentally responsive regulatory cascade that is responsible for the coordinate activation of genes involved in I. , ' . cbolerae colonization of the small bowel (DiRita, 1992) . These genes belong to the ToxR regulon and are referred to as ToxR-activated genes (TAGS) (Peterson & Mekalanos, 1988) .
In numerous pathogenic bacteria virulence genes have been identified on mobile genetic elements, which may facilitate transfer of these genes between bacterial species (Finlay & Falkow, 1989) . Work by Pearson e t al. (1993) has demonstrated that the V. cholerae CTX genes encode two additional toxins : the zonula occludens toxin ( x o t ) (Fasano e t al., 1991 ; Baudry e t al., 1992) and an accessory cholera enterotoxin (ace) (Trucksis e t al., 1993) . Both these toxins, as well as a core encoded pilin (cep), are located within a mobile genetic element. Karaolis et al. (1995) have inferred, based on polymorphism within the V.
cbolerae housekeeping gene encoding the aspartate-semialdehyde dehydrogenase (asd) , that horizontal transfer of the L7. cbolerae 0 antigen genes may occur, suggesting that I/. cholerae could show a high level of intraspecies genetic exchange. Additionally, the atypical V. cbolerae codon usage for the genes within the TCP locus has led to the proposal that the TCP gene cluster may be part of a larger genetic element (Ogierman & Manning, 1992; Kaufman e t al., 1993) .
In this report, we describe the identification of a 1% cholerae gene, int, that encodes a protein related to the integrase family of site-specific recombinases. The I/. cbolerae int is the distal marker for a D N A segment of greater than 45 kbp encoding the I/. cbolerae ToxRactivated colonization determinants TCP and ACF. The data presented herein showing the physical linkage of the integrase gene to the ACF and TCP gene clusters supports the hypothesis that these colonization factors are part of a large genetic element involved in intestinal colonization that may have been, at one time, part of a mobile element acquired by I/. cholerae.
METHODS
Bacterial strains, phages, plasmids, media and reagents. The bacterial strains, phages and plasmids used in this study are listed in Table 1 . Non-01 strains of T L cbolerae other than 0139 have been referred to as ' nonagglutinating ' or ' noncholera ' vibrios and are typically not associated with epidemic cholera (Morris, 1990) . Eschericbia coli and I./ibrio cbolerae strains were maintained at -70 "C in Luria-Bertani (LB) medium containing 20 ' !n (v/v) glycerol (Miller, 1972) . E. coli strains were cultured in LB broth or on LB agar at 37 "C. I/. cholerae strains were cultured on LB agar at 37 "C or in LB broth pH 6.5 at 30 "C or LB broth pH 8.4 at 37 "C as previously described (Peterson 8c . Antibiotics, when necessary, were used at the following concentrations : ampicillin (Ap) 100 pg ml-', kanamycin (Km) 30 pg ml-' and streptomycin (Sm) 100 pg ml-'. Restriction endonucleases were purchased from New England Biolabs and T4 DNA ligase was purchased from Promega. denatured herring sperm DNA ml-' at 42 "C. The DNA probes used in this study were derived as follows : tagD-specific probe, 0.7 kbp DraI fragment from pTAGD-1; tcpl-specific probe, -1.0 kbp EcoRV fragment from pTCPI-1; toxT-specific probe, -0.6 kbp HindIII/EcoRI fragment from pB53.2;
acf-specific probe, -4-2 kbp Sac1 fragment from pMEIC2; intspecific probe, -1.3 kbp EcoRV fragment from pMEK3; ssrA-specific probe, -1.3 kbp DraI fragment from pMEK3;
and the probe derived from V. cbolerae SG34 downstream of the ssrA gene that was used as a probe, -3.0 kbp SacI/BglII fragment from $19. DNA restriction fragments used as probes in Southern analysis were isolated by agarose gel electrophoresis, purified using Geneclean (BiolOl) and labelled with [32P]dATP using a random primer labelling kit (Promega). The unincorporated nucleotides were removed from the oligonucleotide probes by G-50 spin-column purification (Sambrook et al., 1989) . The radiolabelled probe was heated for 5 min at 100 "C and added to the prehybridizing filters. Hybridization was continued overnight at 42 "C. j-Serogroup has not been confirmed.
37 "C. These cultures were washed once with an equivalent volume of PBS (Ausubel et a/., 1989 ) pH 7.2, resuspended in an equal volume of LB pH 6.5 and diluted 1 : 100 in 50 ml LB pH 6-5 (optimal conditions for the expression of ToxR-activated genes) (Peterson & Mekalanos, 1988) and grown with aeration for 4 h at 30 "C (ODGoo -1.0). Total R N A was isolated from these cultures using the hot phenol method (Aiba et al., 1981) . Isolated R N A was purified by centrifugation through a CsCl The nucleic acid and the deduced protein sequence were analysed using the MacVector sequence analysis software (International Biotechnologies). Protein and nucleic acid similarity searches were performed against the non-redundant databases using the National Center for Biotechnology Information (NCBI) network server and the BLAST algorithm (Altschul et al., 1990) .
RESULTS

Transcriptional analysis of genes downstream of the ACF gene cluster
We have previously shown that the TCP and ACF gene clusters are physically linked on the V. cholerae chromosome and encompass greater than 20 kbp of contiguous DNA sequence encoding at least 21 ToxR-activated genes involved in intestinal colonization (Everiss e t al., 1994a (Fig. 1) . Plasmid pMEK1 DNA (Fig. 1) was digested with BaislzHI and EcoRV, and each of the resulting six DNA fragments were isolated, labelled with [32P]dATP, and used as probes in RNA slot blot analysis. When the probes generated from the 4.4 kbp BamHI DNA fragment (encompassing probes 5 and 6 in Fig. 2) were used in Northern analysis, a hybridization signal was produced in RNA samples isolated from V. cholerae 0395 and the ToxR-null strain KP1.17 (Fig. 2) . The probes hybridizing to the RNA isolated from the ToxR-null strain indicated the existence of transcriptionally active, non-ToxRactivated genes downstream of the acfgene cluster. These constitutively expressed genes mark the distal limit of the > 45 kbp gene cluster encompassing the ToxR-activated TCP and ACF colonization determinants.
Identification, isolation and nucleotide sequence determination of the V. cholerae 0395 int gene
The 4.4 kbp BamHI DNA fragment from pMEK1 was isolated and ligated into BamHI-digested pBluescript I1 I<S+ generating pMEK3 (Fig. 1) . The complete nucleotide sequences of pMEKl and pMEK3 were determined using a series of subclones, complementary oligonucleotide primers and exonuclease 111 deletions (data not shown). Analysis of the nucleotide sequence of pMEK3 revealed a 422 amino acid ORF (Fig. 3 ) that could encode a protein with a predicted molecular mass of 48.4 kDa and a PI of 9-5. A polypurine region centred 10 nt upstream of the putative initiation codon was identified (Fig. 3) Computer-assisted homology searches revealed similarity between the protein encoded by this putative ORF and members of the integrase family of site-specific recombinases. The highest degree of similarity detected, 73 YO (52% identity), was to the E. coli cryptic prophage integrase protein, SlpA (Fig. 4) (Kirby etal., 1994 and ToxR-regulon repressing conditions (R). Regions of pMEKl used as probes are numbered 1-6 and depicted under the physical map. Probes 5 and 6 identify non-ToxR-activated genes. Restriction sites: B, BarnHI; V, EcoRV. CP4-57 cryptic prophage integrase (SlpA) amino acid sequence (Kirby etal., 1994) . Numbers on the right of the amino acid residues indicated the residue number. Identical matches (52 %) are indicated by * and conservative changes (21 %) are indicated by 1. The amino acids that are conserved in the P4 family of integrase proteins that are believed to be part of the catalytic domain (Argos etal., 1986; Abremski & Hoess, 1992) (Hughes etal., 1994) , t c -I (Harkey e t d , 1994) , toxT (Higgins etal., 1992) , acf (Peterson & Mekalanos, 1988) as well as the int and ssrA genes were used to determine if these sequences were conserved in recent I/. cholerae 0 1 El Tor and non-0 1 isolates. Chromosomal D N A from eight 0 1 (seven El Tor, one classical), three 0139 and three non-01 strains were analysed. Slot blot analysis (Fig. 6) demonstrated that D N A isolated from nine of the V. cbolerae strains tested generated a hybridization signal when analysed with all six probes. Four of the five I/. cholerae strains that failed to hybridize with all but the ssrA-specific probe are nonpathogenic (Levine e t al., 1982; Morris, 1990) . Analysis of the ssrA region from the nonpathogenic 0 1 , El Tor V. cholerae strain 1074-78 revealed that numerous base pair substitutions, insertions and deletions have occurred in the D N A sequence between the ssrA and int genes (data not shown). The ssrA region of the non-01 V. cholerae SG34 chromosome has also been cloned (data not shown) and the nucleotide sequence of the region downstream of the ssrA gene determined. A single C to A transversion was noted between the I/. cholerae 0395 and SG34 att-like sites (Fig. 5) . The nucleotide sequence alignment between 0395 and SG34 ends at the last A residue of the proposed att site and no int sequences were observed (data not shown). In slot blot analysis a probe derived from 419 (Table l) all 14 1'. cholerae strains tested (Fig. 6, probe 1 ). This probe did not hybridize with a recombinant phage, 4D12- 
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DISCUSSION
Our efforts to define the distal limit of the I, , '. cbolerae ACF and the integrase is present in the ilsiatic-choleracausing strains but absent from the non-cholera vibrio strains tested.
The putative I,,'. cbokrae integrase shows significant amino acid similarity with the P4 family of integrases (Argos e t al., 1986) . These catalpse site-specific integration via D N A nicking and strand exchange that is mediated through a conserved catalytic domain within the carboxy-terminus of the integrase protein (Argos e t al. , 1986 ; Landrp, 1989) .
The I/. cbolerae integrase contains the four highly conserved catalytic domain residues (Fig. 4) specific probes, was examined, only the 5' portion of the integrase gene was present in this strain and numerous base pair substitutions, insertions and deletions were noted between the ssrA and int, as well as within the portion of the int gene that was present. The presence of multiple base pair changes within the intervening DNA sequence of the integrase and 10Sa RNA is similar to that which frequently occurs when prophage undergo partial deletion or illegitimate recombination (Campbell, 1992 (Campbell, , 1994 (Trempy e t al., 1994; Kirby et al., 1994) . A similar activator protein may be required for expression of the V. cholerae integrase and the subsequent excision or transfer of this element from the V. cbolerae chromosome.
Future studies will attempt to overexpress int in the donor strain (tcp' a@) to determine if the integrase protein can promote excision of the TCP-ACF gene cluster from the att-like site downstream of the V. cholerae equivalent of the ssrA gene. Additional studies will focus on delineating the proximal end of the TCP-ACF element. Isolation of the intact TCP-ACF element using a modified form of the in v i m excision system developed by P6sfai e t al. (1994) , which allows the cloning of large (50-100 kbp) regions of the bacterial chromosome, may permit the size and limits of this element to be clearly defined and help identify the number of genes present within the TCP-ACF element. Isolation of the intact TCP-ACF element will also allow studies to be performed in which these colonization factors are introduced into non-01, noncholera vibrios that possess toxR but lack TCP-ACF sequences such as V. cbolerae V 0 7 (Waldor & Mekalanos, 1994) . These recombinant V. cholerae strains can then be tested for their ability to express TCP and ACF, and colonize the intestines of infant mice. The introduction of the TCP-ACF colonization element into nonreactogenic strains of I/. cholerae may thus provide an avenue for generating efficacious live vaccine candidates.
